Tumbling mills are often taken as the object of optimization studies because they are a type of equipment that consume large amounts of energy. Among the current available resources to conduct such studies, mathematic modelling presents great efficiency due to its low cost, speed and reliability.
Introduction
The motivation to develop a device able to measure charge levels in tumbling mills arose from the experience in sam-
Common Methods to Measure Tumbling Mills Charges
The charge level of a mill can be described as the volume occupied by the grinding media (including empty spaces) as a fraction of the total volume available inside the equipment. Assuming this definition, other measurements may be taken considering the total charge that includes the rock charge; in this case, applicable to SAG and AG mills.
The charge level is the variable that most contributes to the power draw. It is completely relevant to know the charge level in sampling campaigns, and during operation, in order to succesfuly conduct mathematical modelling and simulations.
The common technique to measure the charge level of tumbling mills requires at least two people measuring the charge width (S), as exemplified on the Figure 1 .
Figure 1 Charge Geometry description
Under a practical point of view, usually three or four measurements of S are taken. On the other hand, there is an indirect procedure to obtain other two measurements considering the diagonal of the rectangular surface that describes the charge level. In this case, S is calculated considering the belly length. Figure 2 ilustrates these diagonals.
Figure 2 Diagonals of the charge surface
Allis Chalmers (apud Napier Munn et al., 1996) proposed the following formula that considers the height between liners on the top position and the charge surface.
Where: H = height from top liners and the
Morrell (1994) demonstrated that Equation 1 presents errors when measuring charge levels below 20%, a common situation in SAG mills. In addiction to that, many times there are practical limitations for measuring the heights of large diameter mills.
Another way, almost not documented, but very oftern praticed, is the counting of exposed liners in order to find the equivalent α angle, also ilustrated in Figure 1 . The error, in this case, depends on the interpretation of the fraction of exposed liners that are in contact with the charge. pling campaigns, which is an essential step in milling circuit optimization studies.
Entering a mill requires the accomplishment of a number of requirements that several times consumes costly time for the mining companies due to plant interruptions. These requirements cannot be dismissed as they are closely associated to safety and health, themes that must be taken as priority in an industry historically known for its hazard environment. Thus, a form of eliminating, or at least reducing some risks, would be for the people to avoid entering the equipment by using a device placed outside the confined space.
MCP Method
Some premises were considered for alternatives to the common methods. However the mathematical treatment of a cloud of points describing the mill's internal surface presented the most suitable solution for the pre-established requirements. The main aspects considered were: to avoid people entering the mills and costs.
A prototype was built and named MCP or Mill Charge Profiler. The instrument was designed to measure the position of a number of points within the limits of a confined space, describing these points by spherical coordinates and a laser distance
Figure 3 Mill Charge Profiler
After preliminary tests, the device demonstrated successfully that it was able to generate the desired cloud of points. In order to interpret the cloud data, a mathematical treatment that followed through a number of steps considering vectorial corrections, orthogonal projections, curve fitting and error estimates was developed.
In spite of being a 3D problem, the interpretation was built in 2D through the projection of all captured data points onto a plane perpendicular to the mill center line. Figure 4 illustrates the projection of the cloud on the mentioned plane. The points corresponding to the liners (blue crosses) were projected (orange arrows) to fit a circumference (orange dashed circunference) and the points corresponding the charge (red crosses) were projected (green arrows) to fit by a polynomial (green dashed line).
Figure 4 Projection of the cloud onto the plane XY
Time could be saved during the placement of the device because it was not necessary to apply any bubble leveling procedure. The mathematical data treatment was able to determine the position of the plane, the coordinates of the circumference center and its radius and finally the coefficients that describes the polynomial that fits to the points associates to the charge.
Once found the mathematical descriptions of the circumference and the polynomial, the area ocupied by the charge is then calculated.
Later, the fit error is estimated through the deviation of the circumference radius with estatistical distribution and confidence interval. Invariably, the average distance among the projected points and the circumference is zero, but the individual distances deviation can be estimated through t-student distribuition due to the limited amount of points, usually fewer than 30
Results
Three equipment surfaces were measured. The first equipment was a flotation column not yet installed and stored on the horizontal position. Regardless of not being a mill itself, the internal surface was very similar to the proposed problem and the cell was considered the base case of the test campaign due to its dimensional confidence. The second equipment was measured during a maintenance stop. It was a ball mill installed in a bauxite processing plant. The third equipment was a SAG mill with 32' (9.75 m) diameter, installed in a gold and copper plant. The measurements in the SAG mill were conducted after a grind out. Figure 5 illustrates photographs of the equipment and the Figure 6 demonstrates an example of projected points, fitted circumference and polynomial.
meter. The base of the device was inspired from an Alt-Azimutal mechanism. Some modifications were adapted in order to allow a wider angular range, suitable to measure mill's internal from its feed trunion. The laser distance meter chosen was a Bosch DLE 50, able the measure up to 50 m with precision of 1.5 mm.
The measurements of angles were made through protractors with precision of 0.5 degree. Figure 3 illustrates photographs of the MCP Figure 5 Measured equipment Figure 6 Projected points, fit circumference and polynomial For each type of equipment, the charge level was also calculated through other possible common methods. 
Discussions
The accuracy estimated for the flotation column diameter was considered to be excellent, taking into account that the MCP was designed with an angular precision of 0.5 degrees and distance precision of 1.5 mm. An error of 3.0 mm on the radius within the confidence interval of 98% achieved the expectations for this case, and was considered ideal. The calculated relative error was 0.25%. In the ball mill, the estimated error for the radius was calculated as 7.3 mm. Considering that the liners were worn and that it was not possible to ensure that the laser was pointed precisely at the bottom region of the liner waves, this error can be considered very acceptable and consistent with the base case. In this equipment, the relative error was 0.43%. In the SAG mill, the estimated error was 18 mm and the calculated diameter was 9.535 m. Consulting design drawings, the diameter inside liners would be 9.52 m, thus the value calculated with the MCP was very consistent, even considering the liners wear. The relative error for the SAG mill was 0.37%. Among all the studied cases, all the errors presented consistent values, with the same magnitude.
In the flotation column, four direct measurements were taken of its diameter, resulting in a very accurate average of 2.418 m. The diameter calculated through the MCP was identical. The "charge" was calculated to be 38.5% with the MCP and through the direct measurement of the "charge" height (true value). Applying the diameter and the height to the Allis Chalmers formula, the result obtained was 38.4%, indicating that the formula was valid for this test that presented a high "charge" level.
In the ball mill, measurement by MCP resulted in a charge level of 27.0%.
The measurements conducted with S width presented a wide variability, with an average of 30.7% that could be between 27.9 and 34.2 with 90% confidence. Considering the heights, the obtained results were 25.6 and 26.4%, and applying the Allis Chalmers formula, the results were 25.2 and 26.0%. Counting the exposed liners, the charge value was estimated to be 28.2%
The value of 30.7% obtained through the S width method was superestimated in comparison to the other methods. The methods that take the height as the main input presented results below 26.5%, but it should be taken into account that the central portion of the charge had a lower level in comparison to the edges in contact with cilinder liners. This observation also explains the higher charge (28.2%) estimated using the method of counting the exposed liners.
The measurement through the S width method presented differences of up to 5 cm, which is very acceptable, considering the charge shape irregularity, the difficulty in establishing a criterion defining the beginning and the end of the measurement, and also the difficulty in keeping a regular stretching on the measurement tape.
When converting the diagonal measurements into the equivalent S width, increased differences between the equivalent S width were observed. The original measurements of the diagonal were 7.10 and 7.14 m and the equivalent S width for these diagonals were 3.03 and 3.12 m. Thus, the difference increased from 4 to 9 cm. The equivalent S width of diagonal resulted in completely distinct charge levels of 29.2 and 35.1%.
In the SAG mill, in addition to the difficulties previously mentioned, the typical pushing environment of the industrial plants was experienced, due to production demands. Before the application of the MCP, a survey campaign involving the collection of a number of samples in several points of the plant was conducted with PI data instruments and at the end a crash-stop was followed by a grind out of the SAG mill.
The measurements with the MCP resulted in a charge level of 18.6%. The measurements taken through the S width presented low variability. On the other hand these values were sistematically lower. The average charge level calculated through the S width method was 17.9% that could be between 17.6 and 18.2% within a confidence interval of 90%.
For the calculations solely considering the heights, the obtained results were 18.4 and 18.6%, which were very close to the MCP results and also took into account that the charge presented a flat shape. Applying the Allis Chalmers formula, the obtained value was 17.3%, which is out of the valid range (the formula is valid for charge levels above 20%). Through the counting of exposed liners, the charge level was estimated to be between 16.2 and 18.8%
The S widths presented differences of up to 3 cm on the direct measurements and also on the diagonals, which is very acceptable considering all the irregularities and the internal size of the SAG.
A small increased difference between the equivalent S width calculated from the diagonals measurements was noted. The original measurements were 12.44 m and 12.46 m and the equivalent S width for these diagonals were 8.03 and 8.06 m. These differences did not result in contradictory charge level such as observed in the ball mills. The obtained values were 17.4 and 17.6%.
Conclusions
The MCP demonstrated to be a feasible, precise and safe alternative to measure the charge of tumbling mills. The MCP avoids the entrance of people into the mills which are confined spaces, frequently characterized by inhospitable conditions such as high temperatures and humidity, risks of falling, slipping, explosion and falling balls, presence of toxic gases, among others.
The mathematical treatment demonstrated to be efficient, fast and did not demand the application of any CAD software for the interpretation of results. It did not require the use of equipment bubble leveling or the taking of an origin point. With this concept, about 10 minutes could be saved during the measurements.
A device with a more precise angular resolution could contribute to a more accurate result. In addition, the way of interpreting the calculated errors, it should be taken into account that the liner surfaces have irregularities that cannot be precisely evaluated while pointing the laser. Moreover, there are variations due to liner wear.
Thus, the measurement errors should predictably achieve the magnitude of a few milimeters.
Regarding the errors of the charge measurement points, a plausible interpretation is that the empty spaces among balls do not define a completely flat surface, so the variation of these measurements are ex-pected to be on the scale of centimeters. The precision of the laser is on the milimeters scale, so it does not make sense to estimate an error for the charge surface.
On the S width method, small direct measurement differences cause big variations on the charge level estimatives and the trend of such errors is to increase in smaller diameter mills, which is the case of the measured ball mill.
The MCP eliminates vague criterias adopted by people while measuring mill internally by common methods. Among these criteria, the physical limits of the charge and the measuring tape stretch.
